Piglets (n~128) weaned at 21 days of age were used in a 35-day seeder model to evaluate the effects of dietary additives differing in active ingredients, chemical, and physical formulation, and dose on Salmonella colonization and shedding and intestinal microbial populations. Treatments were a negative control (basal diet), the positive control (challenged, basal diet), and six treatments similar to the positive control but supplemented with the following active ingredients (dose excluding essential oils or natural extracts): triglycerides with butyric acid (1.30 g kg 21
Salmonella enterica subsp. enterica is one of the most important bacterial foodborne pathogens, causing a large number of human gastroenteritis worldwide. Salmonella Enteritidis and Salmonella Typhimurium are the serovars that were most frequently isolated from humans and that caused salmonellosis in the European Union in 2009 (11), the latter being commonly associated with pork and poultry meat. It has been estimated that in the 1990s, ca. 20% of all human salmonellosis cases in the European Union were linked to the consumption of pork (30) . Therefore, Salmonella is an important challenge to the swine industry, especially at the farm level. Concerns with regard to food safety and trade of pork prompted producers to implement Salmonella control strategies. The more Salmonella bacteria enter the slaughterhouse via Salmonella-colonized animals, the greater the risk of contamination of the carcasses during processing (2) . Therefore, interventions at the primary production stage result in less contaminated pork products.
Although the epidemiology of Salmonella within a herd appears to be very complex, the oral-fecal route is the predominant source of transmission, enhancing environmental contamination. Control with antibiotics is compromised because of the widespread multidrug resistance of the bacterium (28) . Hence, dietary measures including antimicrobial organic acids (35) have been proposed as a tool to reduce the shedding and thus spreading of the pathogen. The in vitro activity of organic acids against Salmonella has been acknowledged extensively, and their mode of action has been reviewed (37) . However, literature shows that in vivo trials, mostly with fattening pigs, yielded conflicting results (4, 19, 32, 41) . In the present study, feed additives obtained from commercial sources were studied for their potential to remediate Salmonella contamination. This article describes the effects of six feed additives on Salmonella contamination and shedding in a seeder model with weaned piglets. The active ingredients in the additives belonged to different classes of organic acids including the ''classic'' organic acids such as shortchain fatty acids (SCFA; formic acid, propionic, acetic, butyric, citric, lactic, and sorbic) and more recently introduced organic acids like benzoic and the mediumchain fatty acids (MCFA; caproic, caprylic, capric, and lauric). In addition, different chemical and physical forms of the active ingredients were present. The aim was to assess the effect of these additives on the shedding and spreading of Salmonella Typhimurium within a group of orally challenged pigs. Therefore, the seeder model with newly weaned piglets was used, including a negative control group (seeder pigs sham challenged) and a positive control group (seeder pigs challenged). Endpoints determined were shedding over time and Salmonella presence in lymph nodes, tonsils, and digesta.
MATERIALS AND METHODS
Animals and experimental design. The experiments were approved by the Ethical Committee of the Faculty of Veterinary Sciences and Bioscience Engineering of Ghent University (approval no. EC 2010/086). Two consecutive replicate experiments (1 and 2) were carried out by using (in total) 128 newly weaned piglets. (All further specifications are identical for the two replicate experiments unless indicated.) Experimental facilities were disinfected by hydrogen peroxide nebulization prior to each experiment. The piglets (3 weeks of age; 6.29 ¡ 0.73 and 6.24 ¡ 0.77 kg at the start of experiments 1 and 2, respectively) used in both experiments came from the same commercial farm. From this farm, pooled piglet feces and feces of individual dams were screened for Salmonella presence according to International Organization for Standardization (ISO) method 6579 (ISO 6579:2002, Annex D, Horizontal Method for the Detection of Salmonella spp.) prior to arrival of the piglets. These samples were negative for Salmonella. On arrival, piglets were weighed and allocated according to sex and weight to one of the eight treatment groups. Each treatment group was housed in a separate compartment, and during the experiments, a strict hygiene protocol was followed to avoid Salmonella cross-contamination. Feed and water were provided ad libitum during the entire experiment, which lasted for 35 days in a temperature-controlled facility (27 to 28uC). The treatment groups consisted of a negative control group (NC; not infected) and a positive control group (PC; Salmonella infected), both fed the basal diet, and six groups that were infected with Salmonella and received the basal diet supplemented with one of the additives (A1, A2, A3, A4, A5, or A6; defined below).
Feeds and additives. Experimental diets with the additives were prepared by adding the additives to the basal diet, hence diluting the basal diet. The basal diet was formulated to meet or exceed the requirements of the piglets, and was free of organic acids and with no supplemental Cu or Zn beyond requirements (Table 1 ). All feeds were prepared at the beginning of the experiments and stored at ambient temperature. Feeds were given as dry meal from the day piglets arrived (day 0). Information with regard to the additives was disclosed by the suppliers, and the active ingredients were analytically quantified for confirmation. The concentration of active ingredients in the additives was analyzed according to Dierick et al. (10) , Missotten et al. (21) , or by the accredited laboratory Laboratorium Ecca NV (Merelbeke, Belgium). The six additives that were tested were (i) A1. Triglycerides with butyric acid as active ingredient and fat as carrier, with an analyzed inclusion rate of active ingredients of 1.30 g kg 21 of feed.
(ii) A2. Formic and citric acids and essential oils as active ingredients and fat and maltodextrin as carriers, with an analyzed inclusion rate of active ingredients, excluding essential oils, of 2.44 g kg 21 of feed.
(iii) A3. Coated formic, coated sorbic, and benzoic acids as active ingredients and starch as carrier, with an analyzed inclusion rate of active ingredients of 2.70 g kg 21 of feed.
(iv) A4. Salts of formic, sorbic, acetic, and propionic acids, their free acids and natural extracts as active ingredients and silica as carrier, with an analyzed inclusion rate of active ingredients, excluding natural extracts, of 2.92 g kg 21 of feed.
(v) A5. Triglycerides with caproic and caprylic acids and coated oregano oil as active ingredients and silica as carrier, with an analyzed inclusion rate of active ingredients, excluding oregano oil, of 1.80 g kg 21 of feed. (vi) A6. Caproic, caprylic, lauric, and lactic acids as active ingredients and silica and starch as carriers, with an analyzed inclusion rate of the active ingredients of 1.91 g kg 21 of feed.
All feeds were tested and found to be free of Salmonella (analyzed according to the ISO 6579 method). The experimental design within each treatment group corresponded to the seeder model (32) . At the start of the experiment (arrival of weaned piglets), each treatment group had four pens with two piglets each. On day 6, piglets from two pens were orally challenged with the nalidixic acid-resistant Salmonella Typhimurium MB2486 strain (as described by Boyen et al. (3) and Messens et al. (20) ) by syringe (1 ml of tryptone soy broth; 4 | 10 9 log CFU ml 21 in replicate experiment 1, and 1.2 | 10 9 log CFU ml 21 in replicate experiment 2). In the NC group, the seeders were sham inoculated with 1 ml of tryptone soy broth. These were the ''seeder'' animals. On day 8, the two seeder pigs from one pen were placed in a pen with two noninfected piglets; these were the so-called contact animals. Hence, from day 8 until the end, there were two pens with four animals each (two seeder and two contact animals) per treatment group.
Measurements and sampling strategy. Each experiment lasted for 35 days, and six time frames were considered: period 1 (days 0 to 6), period 2 (days 7 to 8), period 3 (days 9 to 13), period 4 (days 14 to 20), period 5 (days 21 to 27), and period 6 (days 28 to 35). Piglets were weighed individually on day 0, at the end of each period, and on the day they were euthanized (for logistic reasons, either on day 34 or day 35). Feed intake was recorded per pen and per period. Feces were scored daily per pen on a 5-point scale, with a score of 0 for predominantly firm feces, 1 for semisoft, 2 for soft, 3 for more loose stool, and a score of 4 for diarrhea. On days 6 (seeder pigs only), 8, 13, 20 , and 27, rectal swabs (feces) of the piglets were taken and analyzed for nalidixic acid-resistant Salmonella Typhimurium (see below). On day 34 or 35 of the experiment, piglets were sedated by intramuscular injection of 0.3 mg kg 21 body weight xylazine (V.M.D., Arendonk, Belgium) and 20 mg kg 21 body weight zolazepam-tilamine (Virbac, Leuven, Belgium) and then euthanized by intracardial T61 administration (embutramide, 250 mg ml 21 ; mebenzonium iodide, 50 mg ml 21 ; tetracaine hydrochloride, 5 mg ml 21 ; Hoechst, Brussels, Belgium). Samples of both the digesta of the last 3 m of the small intestine and cecum were taken from each pig separately and analyzed for the counts of the following bacterial groups: coliforms, Lactobacillus spp., total anaerobic bacteria, and nalidixic acid-resistant Salmonella Typhimurium. In addition, the digesta of the last 25 cm of the colon (feces) were analyzed for nalidixic acid-resistant Salmonella Typhimurium only. The ileocecal lymph nodes were excised and sterilized with ethanol before freezing at 220uC. The tonsils of the pigs were dissected from the oral cavity and sterilized with ethanol before storage at 220uC. The lymph nodes and tonsils were later analyzed for the presence of nalidixic acid-resistant Salmonella Typhimurium.
Bacteriological analysis and Salmonella isolation. The ring-plate technique (34) was used to count the major bacterial groups in the digesta (viable counts; log CFU per gram of fresh digesta). Tenfold dilutions were made from 1-g aliquots of fresh digesta by using a sterilized peptone solution (1 g of peptone, 0.4 g of agar, and 8.5 g of NaCl in 1 liter of distilled water) and plated onto selective media in duplicate. Selective media were used for counting the following bacterial groups: total anaerobic bacteria (incubated for 48 h at 37uC anaerobically in 0.001% hemin and reinforced clostridial agar; agar from Oxoid, Ltd., Basingstoke, UK), coliform bacteria (incubated for 24 h at 37uC aerobically with eosin methylene blue agar; agar from Oxoid, Ltd.) and lactobacilli (incubated for 48 h at 37uC anaerobically in de Man Rogosa Sharpe agar and 0.132% acetic acid; agar from Oxoid, Ltd.). Feces and digesta samples taken for nalidixic acid-resistant Salmonella Typhimurium analysis were processed immediately, and ileocecal lymph nodes and tonsils 2 weeks after storage at 220uC for logistic reasons. Each sample was homogenized with a sterile spatula, and 11 g of sample was added to 99 ml of buffered peptone water (Oxoid, Ltd.). After thorough homogenization with stomacher, 10-fold dilutions in buffered peptone water were made for quantitative assessment of Salmonella presence (only feces and digesta samples) and/or directly incubated for enrichment (37uC, 20 h, all samples). Dilutions were directly plated onto xylose lysine desoxycholate agar plates (XLD; Oxoid, Ltd.) and 20 mg ml 21 nalidixic acid. Plates were evaluated for typical colonies of Salmonella after 24 h of incubation at 37uC. The amount of nalidixic acid-resistant Salmonella Typhimurium was expressed as log CFU per gram of fresh sample, with the detection limit being 100 CFU g 21 . For negative plates, 100 ml of the enriched cultures was plated at the center of modified, semisolid RappaportVassiliadis (Oxoid, Ltd.). After incubation for 18 h at 42uC, a loopful from the edge of the purple migration zones was plated onto XLD plates with 20 mg ml 21 nalidixic acid and further identified as described above. A sample of ileocecal lymph nodes and tonsils was considered positive if at least one Salmonella colony could be isolated. Several suspected Salmonella colonies from the XLD plates with 20 mg ml 21 nalidixic acid were further confirmed. Therefore, a multiplex PCR was performed with primers for confirming the Salmonella genus (1) and identifying the serotype Salmonella Typhimurium (17).
Chemical analyses of feeds. Analyses of dry matter, crude ash, crude protein, ether extract, and crude fiber were performed according to Association of Official Analytical Chemists standard methods (14) .
Statistical analysis. Data were analyzed with the IBM SPSS Statistics, version 19.0, program for Windows (SPSS Inc., Chicago, IL). Normally distributed quantitative data (after log transformation) were compared by GLM, and then by post hoc comparison of means by using the least-squared differences test. Data are presented as estimated marginal means ¡ standard errors. Dichotomous variables (nalidixic acid-resistant Salmonella Typhimurium presence or absence in tonsils and ileocecal lymph nodes) were analyzed with logistic regression models. Logistic regression models were built involving a forward selection of variables, with two-tailed Wald's test significant values (P , 0.05). Because results were not statistically different between replicate experiments, this factor was not used in the variance analysis. In all cases, piglet was used as the experimental unit, except for feces score, feed intake, and feed conversion, where pen was the experimental unit.
The model used was y~m z type of animal (seeder versus contact) z treatment group (NC, A1, . . . , PC) z type of animal | treatment group z e. Weaning weight was introduced as covariate in the analysis of growth data. For analysis of feces score, repeated measures (days postweaning) were included as the withinsubject factor.
RESULTS
Effects on animal performance, feces scores, and bacterial counts in ileal and cecal digesta. Throughout the experiment, the health status of the animals was satisfactory, and animals did not suffer from diarrhea. Average daily gain (ADG) in period 2 (days 7 to 8 postweaning) was significantly affected by type of piglet (23 versus 132 g day 21 for seeder and contact piglets, respectively; P0 .002) but not by treatment group (Fig. 1) . In contrast, in subsequent periods, ADG was not affected by type of piglet (P . 0.05). Consistent differences for ADG according to treatment group were found for periods 3, 4, and 5 (P0 .022, 0.011, and 0.023, respectively). Figure 1 shows the results for periods 3 and 4, here taken together for convenience (days 9 to 20 postweaning). With regard to the seeder pigs, only the NC and A4 groups had a significantly higher growth than PC. ADG for days 20 to 34 or 35 postweaning was not statistically different between groups; nevertheless, the PC piglets demonstrated the lowest growth for both seeder and contact pigs. None of the periods demonstrated an interaction between type of piglets and treatment group. There was only a significant treatment effect on pen feed intake in period 4 (data not shown), in which animals from group A2 consumed 27 and 31% less than the NC and A4 piglets, respectively (P , 0.05). Feed conversion for the entire period was not affected by treatment group. Not surprisingly, the PC group had the highest feed conversion (1.64), while it was between 1.46 and 1.58 for the other treatment groups. Feces scores in period 2 (days 7 to 8 postweaning) were significantly affected by type of piglet (1.34 versus 0.24 for seeder and contact piglets, respectively; P , 0.001) but not by treatment group (data not shown). With the exception of NC, feces scores in infected pigs increased from day of infection to day 8 for all groups, i.e., feces consistency became more soft and viscous. Treatment group did not have an effect on excreta firmness after commingling seeder and contact animals.
On day 34 or 35, seeder pigs showed higher numbers of total anaerobic bacteria in ileal digesta than contact pigs ( Table 2 ). Other bacterial counts were not affected by type of piglet. In general, piglets of group PC showed the highest numbers of bacteria. Compared with PC, the numbers of certain bacterial groups were significantly reduced (ca. 1 log) in many cases; in particular, for group A2 (total anaerobic bacteria in ileum and cecum, and lactobacilli in ileum) and for group A5 (total anaerobic bacteria and lactobacilli in ileum, and coliform bacteria in cecum). In four of the six groups with supplemented diets, the numbers of coliforms in cecum were diminished compared with PC (P , 0.05), with group A4 showing a 26-fold reduction. Challenging the seeder pigs with Salmonella Typhimurium increased the number of coliforms in cecum (P , 0.05, comparison between NC and PC, 5.5 versus 6.1 log CFU g 21 of fresh digesta).
Salmonella shedding and prevalence in digesta, ileocecal lymph nodes, and tonsils. Nalidixic acidresistant Salmonella Typhimurium was not found in any of the samples taken from piglets of the NC group. Hence, treatment group NC was not included in the statistical analysis of data representing the presence of Salmonella. Nalidixic acid-resistant Salmonella Typhimurium shedding was highest in all groups on days 8 and 13, and then decreased progressively toward the end of the trial (Table 3) . On day 8, contact pigs did not shed nalidixic acid-resistant Salmonella Typhimurium, as they were not yet exposed to the challenge organism. Five days after commingling seeder and contact pigs (day 13), contact pigs tended to have lower numbers of nalidixic acid-resistant Salmonella Typhimurium in their feces compared with seeder pigs (4.3 versus 4.8 log CFU g 21 of fresh feces respectively, P~0.087). Thereafter, no differences were found between the two type of piglets, and in both groups the decline in shedding as compared with day 8 (seeder pigs) or 13 (contact pigs) became significant from day 20 onward. The numbers of nalidixic acid-resistant Salmonella Seeder pigs were challenged on day 6 and transferred to pens with contact pigs on day 8.
e Contact pigs were sampled on day 8 but were all negative; results for TG on day 8 correspond to counts in seeder pigs.
f -, contact pigs were not yet exposed to the challenge organism, so did not shed the bacterium. Typhimurium in ileal and cecal digesta at slaughter were not different between seeder and contact pigs. The addition of organic acids to the basal diet provided limited effects on Salmonella shedding and colonization. Supplementing the basal diet with additive A4 reduced the number of nalidixic acid-resistant Salmonella Typhimurium in feces on days 13 and 20 (P , 0.05) and in cecal digesta on day 34 or 35 (P , 0.05) compared with the PC group. Treatment group A3 affected nalidixic acid-resistant Salmonella Typhimurium shedding only on day 13 (P , 0.05). In all cases, the reduction compared with PC was $1 log CFU g 21 . Like PC, the shedding in groups A2, A5, and A6 was reduced significantly, starting from day 20 onward compared with day 8. A significant decline compared with day 8 was observed earlier for A4 (day 13) but later for A1 and A3 (day 27).
Although differences in mean nalidixic acid-resistant Salmonella Typhimurium presence in ileocecal lymph nodes and tonsils between treatments groups were marked, because of the high standard errors, these were not significant (Fig. 2) . There was no interaction between type of piglet and treatment group, indicating that the effect of the additives was similar in both contact and seeder pigs.
Significant but moderate bivariate Pearson correlation coefficients between coliform and nalidixic acid-resistant Salmonella Typhimurium counts within intestinal compartments of piglets sampled on day 34 or 35 were found (r0 .55 and 0.42 for ileum and cecum, respectively; P , 0.01); yet the number of coliforms in both compartments was approximately 2 log CFU g 21 higher than nalidixic acidresistant Salmonella Typhimurium counts (comparison presented in Tables 2 and 3) . Moreover, the numbers of nalidixic acid-resistant Salmonella Typhimurium in ileum, cecum, and feces were intercorrelated with correlation coefficients ranging between 0.35 (counts in ileum versus feces, P , 0.01) and 0.51 (counts in ileum versus cecum and counts in cecum versus feces, both P , 0.01).
DISCUSSION
Salmonella shedding and spreading in the seeder model with piglets. In the current study, a seeder model was applied to study the shedding and spreading of Salmonella in a group of piglets. Two days after oral challenge with more than 10 9 CFU of Salmonella Typhimurium, two seeder pigs were transferred to a pen with two contact pigs. Results demonstrate that fecal shedding occurred shortly after challenge and started to decline not earlier than 2 weeks after challenge, which corroborates with other studies (4, 32) . Contact pigs shed almost equal amounts of Salmonella as the seeder pigs did, already 5 days after mingling these pigs. Thereafter, all parameters related to numbers of Salmonella were not different between contact and seeder pigs. There was a fast transfer of this bacterium to the contact animals and subsequent shedding, which was not anticipated. Indeed, the experimental design of the current trial was similar to that of Taube et al. (32) , but these authors found a much shorter duration of shedding and a lower number of positive pigs in the contact animals as compared with the seeders. The major differences between the two studies is that Taube et al. (32) challenged the animals with Salmonella Derby, and in the current trial, a Salmonella Typhimurium strain was used. It is known that Salmonella Typhimurium shows a higher virulence in pigs than Salmonella Derby (39) and persists longer in the environment (18) .
Salmonella transmission is believed to be primarily accomplished via the oral-fecal route. Therefore, when young animals are confined to high-density situations (as in practical pig rearing conditions), they are in intensive contact with the excreta of other pigs or other environmental factors (pen separations, pig bodies). However, airborne contamination or nose-to-nose transfer cannot be ruled out, as shown in recent studies (23, 24) . Shedding and spreading of Salmonella in this model could have been encouraged because of the high challenge dose (4), because of the stress of the seeder piglets imposed by the transfer (5), because of the explorative behavior of recently weaned piglets, and likely, even more importantly, because of the temporary incompetence of the immune system and gut barrier function in this period after weaning, promoting colonization of gut lumen and tissues. In addition, the piglets originated from a low-level contaminated herd and could have been immunologically naïve for the used serovar. These potential scenarios have important consequences when using the seeder model. In this respect, a lower challenge dose (e.g., 10 6 to 10 7 CFU per animal) (4) and lower ratio of number of seeder to number of contact pigs (5) could offer more opportunities to explore the effects of (dietary) treatments. In addition, it is assumed that in practice, infection doses are much lower and that older pigs (grower and fattening pigs) have a higher immune competence.
Salmonella challenge in seeder pigs obviously provoked a temporal growth depression, associated with transient anorexia consistent with previous reports (12, 33) . This can be seen when the ADG of seeder pigs from the FIGURE 2. Effect of feeding organic acids to piglets on Salmonella presence in ileocecal lymph nodes (black bars) and tonsils (grey bars) on day 34 or 35 in a Salmonella Typhimurium infection trial according to the seeder model. Nalidixic acidresistant Salmonella Typhimurium was not found in any of the samples taken from piglets of the NC group; hence, this treatment group was not included in the statistical analysis. (For abbreviations, see the text.) No significant differences were found between treatments.
NC and PC group are compared (Fig. 1) . In contrast, the growth of contact pigs in the PC group was not different from that of the NC group. In the latter group, these animals were not exposed to the challenge organism. Yet it appears that the effects of the challenge on performance are different between seeder and contact pigs, even though Salmonella colonization and shedding in both groups showed a parallel pattern. Differences occur in the rate and quantity of Salmonella intake between the two groups, i.e., seeders were offered a high oral dose at one time, while contact pigs were infected with a lower dose of the bacterium from the environment. This could result in differences in the magnitude of the inflammatory response and fever, and associated feed intake depression (4). Irrespective of treatment group and type of piglets, it was found that the numbers of coliform bacteria and the deliberately introduced nalidixic acid-resistant Salmonella Typhimurium were moderately and positively correlated within intestinal compartment. This substantiates the assertion that coliforms can be used as indicator organisms to study the effect on Salmonella, which also arises from the fact that they are closely related bacteria. However, the differences in DNA sequences, regulation of genes, and hence ecological behavior between these bacteria (e.g., pathogenicity islands that endow Salmonella with the ability to invade epithelial cells and to survive in phagocytic cells), urges us to invalidate this assertion. This becomes true in particular on the effect of biocides such as organic acids. Also, the numbers of nalidixic acid-resistant Salmonella Typhimurium in ileal digesta, cecal digesta, and feces were intercorrelated, so that a reduced intestinal colonization might subsequently reduce fecal shedding.
Effect of organic acids on Salmonella colonization and shedding, and animal performance. In general, the additives were limited in their potential to confine the Salmonella bacterium. Only additive A4, and to a lesser extent additive A3, significantly reduced the amount and duration of Salmonella shedding after challenge compared with the positive control without additives. In addition, the numbers of nalidixic acid-resistant Salmonella Typhimurium in cecal contents at the end of the trial were reduced compared with the positive control, although this was only significant for additive A4. Hence, these additives might offer opportunities to control Salmonella in pig husbandry. Here, a high infection dose was used, and additives A3 and A4 were able to reduce fecal shedding by .1 log CFU g 21 compared with the positive control in certain periods of the trial and/or in the cecum (additive A4 only). Under field conditions, infection can arise from continuous exposure to low doses of the bacterium, so it is speculated that these effects exerted by the additives could have an impact on Salmonella spreading in a herd. Some authors found no effects in a challenge model with weaned piglets, in contrast to a marked positive effect in fattening pigs under field conditions with the same organic acid mixture (e.g., MartinPelaez et al. (19) versus Creus et al. (7)). Additive A4 contains primarily SCFA, sorbic acid and natural extracts, and was supplemented at 2.92 g of organic acids per kg of feed. The A4 group was the only group in which the negative effects on growth in seeders shortly after infection were reversed, which coincides nicely with its inhibitory effect on Salmonella. Additive A3 contains coated formic acid, coated sorbic acid, and benzoic acid and was supplemented at 2.70 g of organic acids per kg of feed. In addition to the ingredients formic and sorbic acids, additives A3 and A4 have their higher feed inclusion rate in common. Indeed, many reports provide evidence that higher doses of these (uncoated, no retarded release) organic acids are needed to inhibit Salmonella shedding and colonization in the pig, both in weaned piglets (Papenbrock et (19) , 0.4% formic acid plus 0.4% lactic acid). Here, the advice for a high inclusion rate is somewhat substantiated by the fact that additive A2, which also contains formic acid but supplied at a lower dose, was not effective (2.44 g of organic acids per kg of feed). However, it should be noted that feed intake of the pigs receiving the A2 diet was very low at the start of the experiment, which could have compromised the efficacy of this additive. By far, all studies using lower amounts of (uncoated, no retarded release) organic acids failed to control Salmonella in weaners, even when administered through the drinking water (Letellier et al. (16) , 0.02% formic acid in drinking water, which should theoretically correspond to approximately 0.0078% in feed; Walsh et al. (40) , 2.58 ml of an organic acid blend in drinking water, which should correspond to approximately 0.1% in feed). Boyen et al. (3) showed that the anti-Salmonella action of formic acid is highly dependent on pH, being more effective in a slightly acidic environment. Hence, it can be assumed that additives containing (uncoated) formic acid mainly enhance the barrier function of stomach and duodenum, preventing the entry of the bacterium. The additives A3 and A4 are composed of a mixture of several organic acids, and for A4 with natural extracts as well. Their efficacy could in part be a result of synergistic effects between its active ingredients. However, evidence for synergism among organic acids remains equivocal, at least in standardized in vitro assays (22, 29) . More in vitro proof is available, showing that low concentrations of natural phenolic compounds such as thymol-as is the case with A4-can enhance the antimicrobial activity of organic acids (42) or render the Salmonella bacterium more susceptible to other biocides like antibiotics (15) . However, the efficacy of combinations in vivo, i.e., with regard to their action in the gastrointestinal tract and associated tissues, can be different from in vitro studies. In vivo trials investigating synergism between these compounds against Salmonella are lacking. It is speculated that for additives A3 and A4, the combination of active ingredients and likely synergism might be crucial for its efficacy. In addition, an advantage of additive A3 is the fact that formic and sorbic acids were coated, which can shift the activity of the active ingredients to more distal parts of the gastrointestinal tract, although this has not been confirmed in the current trial. A technical formulation that allows a retarded release of the active ingredients within the gastrointestinal tract might be favorable in combating Salmonella (3, 12, 13, 27) ; after all, the bacterium prevails mainly in the ileum and hindgut. Nonetheless, formulation A4, which contained no coated active ingredients, was the most effective, which lends to the assumption that in the current experimental setup (recently weaned piglets, high infection dose in seeder model), enforcing the gastric acidity barrier is more important than controlling hindgut proliferation of Salmonella to restrain the bacterium.
The number of positive seeder pigs in ileocecal lymph nodes for group A1 was 46% compared with 63 to 81% for the other treatment groups, although this was not significantly different. It has been shown that butyric acid (active ingredient in A1) is able to reduce the invasion of Salmonella in mucosal tissue by decreasing hilA expression at sub-MIC concentrations (3) and hence diminish its penetration into lymphocytes of adhering lymph nodes. In the current study, there was only a numerical reduction of positive ileocecal lymph nodes. As well, this additive had no inhibitory effect on shedding and luminal numbers of Salmonella. In this respect, again dose, and in particular technical formulation (3), are important issues to be considered. The same considerations can be raised for additives A5 and A6, both containing MCFA. Unlike many reports underlining both their antimicrobial (3, 9, 10, 20) and anti-invasive (3, 6, 36) properties, MCFA failed to restrict Salmonella shedding in our trial. In addition to dose and formulation, issues such as the ratio of MCFA with different chain length (from C6:0 to C12:0, Dierick et al. (9) and Messens et al. (20) ), acidifying capacity (higher pK a of MCFA compared with formic and lactic acids), and release properties of formulation (A5 was formulated as triglycerides) can be involved. Although it was found that MCFA were more effective against Salmonella than SCFA (3), Van Immerseel et al. (37) addressed the fact that bacteriostatic and bactericidal concentrations differed a great deal, rendering MCFA less powerful in inhibiting Salmonella growth.
Despite this lack of Salmonella inhibition by the additives A1, A2, A5, and A6, all additives improved feed utilization as compared with the PC group, in agreement to recent work of Gebru et al. (12) . The positive effects of organic acids on feed conversion of weaned piglets have been acknowledged repeatedly, and their mode of action has been reviewed (8, 26) . In brief, their effect in the gastrointestinal tract stems from the acidification of digesta improving proteolysis in the stomach and duodenum, enhancing mineral digestion, stimulating pancreatic secretions, and enforcing gastric barrier function against acidsensitive bacteria like Escherichia coli and Salmonella. Thus, the positive effects of organic acids here could be related to both the inhibitory effect toward the challenge organism and/or the improvement in feed utilization.
The seeder model was applied to study the effect of organic acids on Salmonella spreading and shedding among piglets. It appears that challenge dose, serovar, and ratio of number of seeder to number of contact pigs are important factors in the design of a seeder model. Additives with different organic acids, dose, and technical formulation showed differences in their ability to combat Salmonella. Two additives, both containing SCFA and one of them benzoic acid as well and the other one also containing essential oils, and supplemented at more than 2.7 g of active ingredients per kg of feed, showed evidence of reducing Salmonella shedding and colonization in young piglets. Additives containing butyric acid and MCFA failed to inhibit Salmonella contamination in the current experimental setup; however, this was likely because of the low inclusion rate. The limited overall effect of the tested organic acids urges for a multitarget approach for Salmonella control.
